BACKGROUND: Chronic kidney disease (CKD) is a risk factor for vascular disease and stroke. The spectrum of brain injury and microstructural white matter abnormalities in children with CKD is largely unknown. METHODS: Cross sectional study at two North American pediatric hospitals. A cohort of 49 children, 29 with CKD, including renal transplant (mean age 14.4 ± 2.9 years; range 9-18), and 20 healthy controls (mean age 13.7 ± 3.1 years; range 9-18) had their conventional brain magnetic resonance images (MRIs) reviewed by one neuroradiologist to determine the prevalence of brain injury. Fractional anisotropy (FA) maps calculated from diffusion tensor imaging (DTI) were generated to compare white matter microstructure in CKD compared to controls, using tract-based spatial statistics (TBSS). RESULTS: Focal and multifocal white matter injury was seen on brain MRI in 6 children with CKD (21%). Relative to controls, CKD subjects showed reduced white matter fractional anisotropy and increased mean diffusivity and radial diffusivity in the anterior limb of the internal capsule, suggestive of abnormal myelination. CONCLUSION: Cerebral white matter abnormalities, including white matter injury, are under-recognized in pediatric CKD patients. Brain imaging studies through progression of CKD are needed to determine the timing of white matter injury and any potentially modifiable risk factors.
INTRODUCTION
Chronic kidney disease (CKD) is a risk factor for vascular disease and stroke 1 . In the 1980's, brain CT of children with CKD showed cerebral atrophy in many of the affected children [2] [3] [4] . In the past three decades, the care of children with CKD has changed dramatically. Improved renal nutrition, especially for the infants, elimination of aluminum as a phosphate binder, use of erythropoietin for anemia, and improved dialysis treatment and timely transplantation, have all contributed to improve neurological outcomes. Despite these advances, it is largely unknown whether the occurrence of brain injury has improved. Emerging studies show neurocognitive deficits in individuals with CKD [5] [6] [7] [8] . These deficits can lead to difficulties at school, and in turn may limit their future employment options and decrease their social independence 9, 10 . Neurocognitive deficits can also increase the likelihood of non-adherence to treatments in adolescents with CKD. The spectrum of structural abnormalities in the brain that underlie these cognitive deficits remains largely unknown to date, and need to be described.
The only contemporary pediatric neuroimaging studies in children with CKD include a relatively homogeneous Finnish cohort, affected predominantly by congenital nephrotic syndrome 11, 12 -which is not common in North America. Brain MRI of these children who had received a kidney transplant before five years of age, showed high rates of stroke. These strokes were associated with a later age at transplantation, longer time on dialysis, and a history of hemodynamic crisis 12 . These data suggest that (a) brain abnormalities are associated with CKD, and (b) potentially modifiable risk factors, such as hypertension, or timing of renal transplantation, can be identified. However, children with congenital nephrotic syndrome are not representative of most children with CKD. Therefore, additional studies in more typical pediatric CKD population are warranted.
The aim of our study was to characterize the spectrum of brain injury and white matter microstructural brain abnormalities in children with CKD studied with MRI. This included the comparison of brain white matter integrity in CKD and transplant patients to that of healthy controls. Due to the lack of prior neuroimaging data in this population, we used a whole brain voxel-wise analysis to look for white matter differences between control, CKD, and transplant groups. We hypothesized that the CKD group would have impaired white matter integrity relative to controls.
MATERIALS AND METHODS

Study Population
Between 2008 and 2010, we prospectively enrolled 49 children, 29 with CKD (including 2 peritoneal dialysis, and 10 renal transplant recipients) and 20 age-matched healthy controls (recruited from the community) at two academic centers in North America.
Inclusion criteria for cases: (1) school-age children over 8 years of age (to avoid need for sedation for neuroimaging) and (2) CKD, including patients with a functioning renal transplant of more than one year. Exclusion criteria: (1) known neurologic comorbidity, (2) hospitalization within the previous week, or existing acute illness, (3) claustrophobia, and (4) dental braces.
This study was approved by institutional review boards, BC Children's Hospital H07-01271, and UNC IRB Study #03-0830 (previously 03-MED-33), and participants and or their parents provided informed written consent.
Magnetic resonance imaging
Each site used imaging parameters to obtain comparable MR signal to noise despite scanning at different field strengths (see Supplemental Methods S1). This enabled combining the Diffusion Tensor Imaging (DTI) scans for analysis with a single pipeline, as detailed below. The anatomical MRI images from both sites were reviewed by a single neuroradiologist who was blinded to the clinical history of the participants.
Diffusion tensor imaging analysis DTI provided a quantitative measure of regional brain development as reflected by water diffusion in each 3-dimensional pixel of the MR image. Water diffusion can be characterized as an ellipsoid, with the shape of the ellipsoid represented by eigen values (λ1, λ2, and λ3) 13 . λ1 corresponds to axial diffusion (AD), and is considered to reflect axonal integrity, while λ2 and λ3 correspond to radial diffusion ((λ2 + λ3)/2 [RD]) and primarily reflect myelin integrity. Mean diffusivity (MD) reflects the average of λ1, λ2, and λ3 14 . The degree of directionality is represented by fractional anisotropy (FA), reflecting the standard deviation of λ1, λ2, and λ3. With increasing white matter maturation and myelination MD decreases and FA increases. The DTI measures of MD, FA, AD, and RD are also sensitive to degeneration and injury in the nervous system [15] [16] [17] [18] .
Two methods of analysis were used to compare white matter maturation between children with CKD, children with renal transplantation, and controls. Images from both sites were included in both analyses. (A) Images were analyzed using a whole brain voxel-based comparison using tract-based spatial statistics (TBSS). (B) To complement TBSS findings, a region of interest (ROI) based analysis was used to calculate diffusion parameters from ROIs in readily identifiable white tracts with functional significance.
Tract-based Spatial Statistics. TBSS was done with the FMRIB Software Library (FSL) using procedures well established in our laboratory 19 . All participants' FA maps were placed into a common space using a nonlinear registration 20 . Common space was determined by comparing the FA maps of all subjects to each other, and choosing the subject whose brain was most representative of the group. The mean FA map was then thinned to create a mean FA skeleton that represented the main fiber tracts common to all subjects (threshold of FA > 0.2). FA data from each participant were projected onto the mean FA skeleton to compare FA across all voxels (voxel-wise analysis). Registration and transformation steps were also applied to MD, AD, and RD. Data for each of these measures also were projected onto the mean FA skeleton for voxel-wise analysis.
Values of FA, MD, AD, and RD were compared across CKD, transplant, and control groups. To account for the large number of comparisons in the image, threshold-free clustered results were calculated (p < 0.05) to detect anatomically localized clusters with consistent group differences, using age, gender, and glomerular filtration rate (GFR) as covariates 21 . Effect sizes were calculated for any significant group differences in an effort to show the magnitude of any group differences. Control participants did not have blood taken and therefore did not have GFR data for inclusion in the analyses.
ROI analysis.
As the TBSS skeleton is limited to white matter with sufficiently high FA (threshold > 0.2), ROIs (4 × 4 mm) were also placed in the anterior limb of the internal capsule (ALIC), posterior limb of the internal capsule (PLIC), and optic radiations 22 . These white matter tracts are readily identifiable and neurodevelopmentally important for child development as they contain thalamocortical projection fibers that are important for the visual system (optic radiations), the motor system (corticospinal tract in PLIC), and for behavioral and emotional regulation networks (ALIC). Within these tracts, the ROIs included areas displaying group differences in the TBSS analysis using anatomical color map 22 . The diffusion parameters were then calculated from these ROIs. ROIs were placed twice on separate days to determine intra-rater reliability.
Statistical Analysis
Multivariable linear regression analysis was carried out using Stata 12.1 (Stata Corporation, College Station, Texas). In comparing control, CKD, and transplant groups, the white matter microstructural measures (MD, FA, AD, and RD), age and scan site were included in the regression model in order to determine the independent effect of group on outcome variables. Age was included as a covariate given that FA and MD typically change with brain maturation from childhood into adolescence 23 . As each site used a different scanner, site was included in order to allow each outcome variable to vary by site, despite comparable images acquired at each site. Intra-rater reliability for ROI-based FA measures was high, with an intra-correlation coefficient of 0.949 (95% CI 0.928-0.961) with a mean difference of 0.002 and Bland and Altman limits of agreement of −0.05-0.06 24 . 
RESULTS
Patient characteristics are summarized in Table 1 . A total of 29 children with CKD (mean age of 14.4 ± 2.9 years; range 9-18), and 20 healthy age-matched controls (mean age of 13.7 ± 3.1 years; range 9-18) were considered for the neuroimaging analysis.
Anatomical MRI The neuroradiologist identified focal and multifocal white matter injury on conventional MRI ( Fig. 1 ) in six children with CKD, including transplant (21%). The white matter injury was subclinical and chronic, distributed non-uniformly in the periventricular white matter and outside of the white matter tracts of the internal capsule. The primary renal disease of the six patients with white matter injury were renal dysplasia, posterior urethral valves, nephronophthisis, focal segmental glomerulosclerosis, pauciimmune glomerulonephritis, and cortical necrosis. Given the cross sectional study design, it was not possible to determine the timing of brain injury in the course of CKD progression. As shown in Table 2 , only 2/6 (33%) children with white matter injury had hypertension, controlled with medications, compared with 15/23 (65%) of CKD children without white matter injury who had hypertension. Hypertension was defined as having blood pressure readings ≥95 th percentile for age, gender, and height, or if the patient was receiving antihypertensive medications. Blood pressure was controlled if blood pressure was below the 90 th percentile for age, gender, and height on current antihypertensive medications. None of the six subjects with cerebral white matter injury were on dialysis, and two of them were post-first transplant. Both transplant recipients were 14 years old, and the primary renal disease for one was posterior urethral valves and for the other, it was focal segmental glomerulosclerosis, diagnosed four years prior to transplant. Of the total of 29 subjects with CKD, only two were on dialysis, and they had a normal brain MRI.
Whole brain voxel-based group comparisons DTI for 40 children were included in the final TBSS analysis, nine cases being excluded because of unacceptable image quality due to artifacts caused by excessive head motion during data acquisition: three controls, three CKD, and three transplants.
Using threshold-free cluster analysis, a number of differences between CKD, transplant patients, and controls are evident. The CKD group displayed lower FA (a measure of white matter microstructural integrity) than the control group, in the ALIC (Fig. 2 ) (p = 0.05). We found that regions within the optic radiation in the right hemisphere had significantly lower radial diffusivity (RD) in CKD patients than that of controls (p = 0.05). Finally, there was a significant decrease in axial diffusivity (CKD < Control) in the anterior aspect of the right ALIC (p = 0.05).
ROI Analysis
ROIs were placed bilaterally in each of the subjects' native space for (i) the anterior aspect of the PLIC, (ii) the anterior aspect of the ALIC, and (iii) the optic radiations. Differences in FA, MD, AD, and RD from the ROIs are summarized in Tables 3-5 . Neither site nor age had a significant effect on any of the measures.
Anterior limb of the internal capsule. There were significant differences found in the left ALIC. When compared to the control group, subjects with CKD had decreased FA (p < 0.001), a significant increase in RD (p = 0.002), and a marginal increase in MD (p = 0.06).
The transplant group showed a comparable decrease in FA compared to the control group (p = 0.002), accompanied by increases in both RD (p = 0.001) and MD (p = 0.003).
Posterior limb of the internal capsule. As shown in Tables 3-5, in the PLIC, differences were seen only in the CKD group relative to control. In the left PLIC, there were significant decreases in MD (p = 0.01) and RD (p = 0.02). On the right, there were significant decreases in MD (p = 0.02) and axial diffusivity (p = 0.02). There were no significant differences in FA in the PLIC.
Optic radiations. There were no significant differences in FA found in the CKD or transplant groups. The transplant group demonstrated a significant increase in the left optic radiation in both MD (p = 0.03) and RD (p = 0.034) [ Tables 3-5 ]. There were no differences in the right optic radiation.
DISCUSSION
The care of children with CKD has improved tremendously over the past three decades to be more brain protective. Improved renal nutrition, avoidance of aluminum-based phosphate binders, enhanced dialysis therapies, and timely renal transplantation are each expected to improve neurologic outcome. Yet the actual impact of these interventions on brain health has not been examined with contemporary neuroimaging. In a recent comprehensive review of neuroimaging studies in patients with kidney disease spanning over 35 years, only 13 of the 43 studies involved children, and 10 of the 13 pediatric studies were from the 1980s and early 90s using CT scans 25 . The only contemporary pediatric brain MRI studies involved a cohort of renal transplant recipients, transplanted before the age of 5 years, majority of whom had congenital nephrotic syndrome of the Finnish type 11, 12 , not a common cause of end-stage renal disease in North America 26 . Interestingly, the white matter lesions observed on MRI in our cohort of children with CKD share features with the small punctate foci confined to the white matter reported by Valanne et al. in one-third of their pediatric cohort who had received a renal allograft before five years of age 12 . Our study indicates that these Fig. 2 Regions displaying a significant decrease in fractional anisotropy in the tract-based spatial statistics analysis (t > 3, p = 0.05) superimposed on the mean FA image. Green denotes the white matter FA skeleton. Compared to controls, the chronic kidney disease group showed decreases in the right and left anterior limb of the internal capsule cerebral white matter findings are also observed in children with 'typical' CKD.
In our study, white matter abnormalities were seen on conventional MRI in 21% of children with CKD, and not in any of the controls. In a recent report of incidental brain MRI findings in 1400 youths (age range 8-23 years) volunteering for research, there were 148 (10%) incidental findings, of which only 12 (0.9%) required any clinical follow-up 27 . The incidental findings included brain lesions other than white matter injury suggesting that the findings observed in our cohort of children with CKD are unexpected in the general population. Furthermore, in our study, DTI analysis revealed that relative to controls, CKD subjects (including transplant recipients) had reduced white matter FA and increased MD and RD in the ALIC, suggesting impaired white matter myelination in this region. Both methods of DTI analysis, namely ROI-based and TBSS, detected a mean decrease in FA in the left ALIC in the CKD group. The biologic significance of this finding is reinforced by the fact that three diffusion measures differed in this region.
Sensory and motor information is sent between the pyramids of the medulla and the cerebral cortex through ascending and descending fibers in the internal capsule 28 . The connections of the internal capsule have been mapped out previously using diffusion imaging 29 . A recent study by Sullivan et at 30 found correlations between diffusion measures in the internal capsule and neurocognitive scores. Specifically, they found a positive correlation between FA and scores on verbal and non-verbal fluency and problem solving. This is concordant with findings in other cohorts that CKD patients score lower in language and executive function 7, 31 and supports our results of a decreased FA in the ALIC. CKD patients also display deficits in memory 32 . In a study of schizophrenic patients, Levitt et al. found a significant positive correlation between FA in the left ALIC and performance on memory tasks 33 . Interestingly, in a prospective community-based study of adults including 40 with normal cognition, 94 with mild impairment and 11 with mild Alzheimer's, episodic memory and lower executive function were associated with white matter hyperintensities in the ALIC 34 . Given the potential vascular etiology to the cognitive impairments in this population, these findings and those from our study, support the need for future studies to examine the link between white matter imaging changes and neurocognitive function in children with CKD.
A possible shortcoming of our study is the cross sectional design. Also, the scans at the two different sites were acquired at different field strengths (1.5 T at BCCH and 3.0 T at UNC). However, site had no significant effect on the left ALIC differences after including it as a variable in the regression analysis. Therefore, it is unlikely that site of MRI scan biased our results. We also recognize our relatively small sample size. Therefore, we limited the number of hypotheses tested, applied threshold-free cluster analysis in our whole brain voxel-based group comparisons, and limited our There were significant increases in RD in the left ALIC in the chronic kidney disease (CKD) group and in the left ALIC and left optic radiation in the transplant group compared to control group. There was a significant decrease in RD the left PLIC in the CKD group compared to the control group. There was a significant decrease in (λ1) in the CKD group in the right PLIC compared to control group ALIC Anterior limb of the internal capsule, PLIC Posterior limb of the internal capsule 
Decrease ---
The only difference found by both methodologies was a decrease in FA in the chronic kidney disease (CKD) group in the left ALIC ALIC Anterior limb of the internal capsule, PLIC Posterior limb of the internal capsule, FA fractional anisotropy, MD mean diffusivity, RD Radial diffusivity, λ1 axial diffusivity **p = 0.058
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region of interest-based diffusion MRI analyses to three anatomically defined regions. This study focuses attention on the importance of brain health in the care of children with CKD. A longitudinal study during the progression of CKD, as well as post-renal replacement therapy, looking for white matter changes over time, would allow better understanding of the timing of white matter injury and identifying potential modifiable risk factors. Advances in the care of children with CKD is anticipated to further improve the brain health of this vulnerable population. . The CKiD website is located at http://www.statepi.jhsph.edu/ckid. The funders of this study had no role in the study design, data collection or analysis, interpretation of data, or writing the report; or the decision to submit the report for publication.
